This article is available online at http://www.jlr.org and cholesterol (Chol) ( 1-5 ). These sphingolipid-rich microdomains are considered to be important sites for signal transduction and death receptor functions ( 6, 7 ). Depending on the local microenvironment, certain membrane proteins are preferentially localized inside (or outside) of the microdomains and serve as signaling platforms (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Recent data has indicated that membrane microdomains are dynamic nanometer-sized domains ( 18, 19 ) . Results from image analysis and single-molecule tracking studies have shown that these metastable membrane assemblies can be stabilized locally by lipid-lipid and lipidprotein interactions to coalesce and form functional domains and facilitate cell surface receptor signal transduction. A commonly held view is that microdomains regulate membrane protein functions by recruiting signaling molecules to the spatially limited region ( 7, 20, 21 ) .
Biowest (Nuaillé, France). Other chemical reagents were of analytical grade and were purchased from Nacalai Tesque (Kyoto, Japan). Ultrapure water was obtained from an RFU554CA ultrapure water system (Advantech Co. Ltd., Tokyo, Japan).
Cell culture
WT and SM synthase (SMS) 1/2 double KO (DKO) mouse embryonic fi broblasts (tMEFs), which were immortalized by the simian virus 40 large T antigen in our laboratory ( 35 ) , were cultured in DMEM supplemented with 10% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C in a humidifi ed atmosphere with 5% CO 2 . Cells were grown on 10 cm dishes to a confl uence of 50-80%, and stimulants were then added for the indicated periods. Incubations with stimulants were terminated by replacing the culture medium with ice-cold PBS.
Preparation of plasma membranes with cationic colloidal silica beads
The cationic colloidal silica beads method was used for preparing plasma membranes (26) (27) (28) (29) (30) (31) (32) (33) (34) . Briefl y, this step was performed on ice using ice-cold buffers. Subconfl uent cell monolayers grown in 10 cm dishes were washed twice with PBS and then with coating buffer (CB) [20 mM MES, 150 mM NaCl (pH 5.3)]. The cells were coated with 1% (w/v) Ludox CL colloidal silica in CB. After a 10 min incubation on ice, the cells were washed twice with CB and then coated with 0.1% (w/v) polyacrylic acid in CB. After a 10 min incubation on ice, the cells with washed three times with CB. Next, the coated cells were scraped with 1 ml of hypotonic lysis buffer [20 mM HEPES buffer (pH 8.0), 1 mM EDTA], supplemented with protease inhibitors and 1 mg/ml BSA. The lysate was passed 20 times through an 18-gauge needle to disrupt the coated cells. The homogenized samples were fi ltered through an 80 m nylon net. The lysate was centrifuged at 1,000 g for 20 min and the pellet was collected. To remove intracellular contaminants, the disrupted cells were passed 10 times through a 27-gauge needle with 1 ml of washing buffer [20 mM HEPES buffer (pH 7.0), 150 mM NaCl, 1 mM EDTA, 8 mM DTT, 7% sucrose, 0.01% Brij 98, and protease inhibitors]. Complete cell lysis was confi rmed by observations under a light microscope. A Nycodenz step gradient was set in centrifuge tubes containing 1 ml of 70% (w/v) and 1 ml of 50% Nycodenz solutions supplemented with 150 mM NaCl. The washed materials were centrifuged again at 1,000 g for 20 min, and the pellet was resuspended in 0.4 ml of washing buffer. Then the suspension, mixed with 0.4 ml of the 50% Nycodenz solution, was added on top of the Nycodenz gradient and centrifuged at 100,000 g for 60 min (Optima MAX-XP; Beckman Coulter, Brea, CA). The silica-coated membranes (SCMs) at the bottom of the centrifuge tube were resuspended in 0.3 ml of SCM buffer [5 mM imidazole buffer (pH 7.0), 150 mM NaCl, 8 mM DTT, and 7% sucrose], and centrifuged at 18,000 g for 10 min to remove excess Nycodenz. To increase the recovery rate of the membranes, plasticwares with hydrophilic surfaces, such as ProteoSave 1.5 ml microtubes (Sumitomo Bakelite, Tokyo, Japan) and MPC polymer-coating tips (Hi-Tech, Tokyo, Japan), were used as appropriate.
Preparation of detergent-resistant SCMs
One percent Triton X-100 and 1% Brij 98 were added to SCM fractions. Suspensions were homogenized by passaging 20 times through a 27-gauge needle and incubated on ice for 30 min with occasional mixing. Then, the suspensions were centrifuged at 18,000 g for 10 min at 4°C. After supernatant removal, the insoluble materials were washed with 0.3 ml SCM buffer, and then detergent-resistant SCMs (drSCMs) were obtained.
microdomains, but also refl ect those occurring in intracellular vesicles, such as multivesicular bodies including sphingolipid-rich membranes (23) (24) (25) .
Here, we developed a comprehensive approach for determining the constituent lipids that mainly comprise plasma membrane microdomains. First, we modifi ed a cationic colloidal silica bead method to separate the plasma membranes (26) (27) (28) (29) (30) (31) (32) (33) (34) . Next, we designed a protocol for obtaining detergent-resistant lipid regions using silica-coated membranes. Then, these preparations were analyzed by LC-MS/MS to determine the molecular species levels of each lipid class. Using this approach, we examined the percentages of detergent-resistant lipids by comparing the lipid levels in these subcellular fractions. In addition, we examined whether levels of specifi c lipids changed in the microdomains after stimulation. Our results indicated that this practical method may be useful for performing comprehensive studies of component lipids in membrane microdomains related to cellular responses. 
EXPERIMENTAL PROCEDURES

Preparation of detergent-resistant membranes by a centrifugal fl otation method
An alternative fractionation method of isolating detergentresistant membranes was performed by centrifugal flotation through a sucrose gradient. The cells were washed with ice-cold PBS, scraped with 1 ml of the hypotonic lysis buffer, and passed 20 times through an 18-gauge needle to disrupt the cells. Nuclei and cellular debris were pelleted by centrifugation at 1,000 g for 5 min at 4°C. After the addition of 1% Triton X-100 and 1% Brij 98, the postnuclear supernatant was homogenized by passaging 10 times through a 25-gauge needle and then incubated on ice for 30 min with occasional mixing. The lysate was mixed with an equal volume of 84% sucrose, transferred to the bottom of a centrifuge tube, and overlaid with 2 ml of 33% sucrose containing 150 mM NaCl and fi nally with 0.5 ml of 5% sucrose. The samples were centrifuged at 150,000 g for 18 h at 4°C, and then 1.5 ml of supernatant from the top of the gradient was collected as a detergent-resistant fl oating-membrane fraction (drFF).
Western blot and protein analyses
Western blot analysis was performed as follows. Proteins were denatured at 50°C for 30 min in standard sample buffer containing 2% SDS and 0.2 M DTT and resolved by 12% PAGE. When analyzing SCM or drSCM samples, 0.1 M sodium phosphate buffer (pH 6.0) was added to the sample buffer to detach proteins from the silica beads. Following electrophoresis, proteins were transferred to a polyvinylidene fl uoride membrane (Millipore, Bedford, MA) and subsequently incubated with appropriate primary and secondary antibodies. Detection was achieved using an ECL-peroxidase detection system (Amersham Biosciences, Piscataway, NJ) and an LAS-4000 digital imaging system (GE Healthcare, Little Chalfont, UK). SDS-PAGE was performed using a standard protocol and precast 5 Ϫ 20% gradient gels (SuperSep Ace, Wako Pure Chemicals). The proteins were visualized with a SYPRO Ruby protein gel stain kit (Lonza, Rockland, ME). Protein concentrations were determined using a BCA protein assay kit (Thermo-Fisher Scientifi c).
Lipid standard solutions
Internal standard solutions were prepared as described previously ( 36 ) , except that 50 pmol of LacCer(d18:1/12:0) and 5,000 pmol of Chol(D7) were added to the internal standard solution. For measurements of plasmalogen PE (pPE), GM1, and GD1, an external standard solution containing 50 pmol each of PE(28:0), PE(p18:0/18:1), GM3(d18:1/12:0), and GD1a (from bovine brain) was prepared. Pretreatment and measurement of the external standard solution was performed simultaneously with the samples, and derived [peak area of PE(p18:0/18:1)/ peak area of PE(28:0)] and [peak area of GM3 fragment ions from GD1a (from bovine brain)]/[peak area of GM3(d18:1/12:0)] values were used as the corrective coeffi cients for the quantitation of pPE and GD1, respectively. Unfortunately, we could not clearly discriminate GD1 from the other GM3 derivatives, such as GM1 and GT1, using our LC-MS/MS conditions. Therefore, these compounds were collectively represented as GM3-X.
Lipid extractions
Lipid extractions were performed as described previously ( 36 ) , with several modifi cations. Briefl y, cell pellets, SCM fractions, or drSCM fractions were sonicated for 10 s with 0.1 ml methanol/ butanol (1:1) to inactivate the associated enzymes using an ultrasonic bath. After the addition of 0.05 ml standard lipid mixture, 0.05 ml of 0.5 M phosphate buffer (pH 6.0), and 0.2 ml of water, the samples were shaken with 0.7 ml of butanol and sonicated for 3 min in an ultrasonic bath. After centrifugation, the upper layer was collected. The original suspension was re-extracted by the addition of 0.35 ml each of ethyl acetate and hexane, followed by centrifugation. The resulting extract was combined with the fi rst butanol extract. After the addition of 0.7 ml methanol, 10% (0.21 ml) of this solution was dried under reduced pressure at 40°C, and dissolved in 20 l of LC mobile phase B and 30 l of mobile phase A. This sample was used to analyze Cer, SM, monohexosylceramide (HexCer), LacCer, S1P, PEtn, PC, and Chol levels. The remaining 90% (1.8 ml) of the extract was fractionated on a DEAE-cellulose column (500 l bed volume packed in a 1 ml polypropylene pipette tip). After washing with 2 ml of methanol, the column-bound lipids were eluted with 1 ml methanol/28% aqueous ammonia/formic acid (1,000:33:22). The organic solvent was evaporated from the eluate under reduced pressure at 50°C, after which dried materials were dissolved with 50 l of mobile phase A. The resulting sample was used for the analyses of acidic lipids (i.e., S1P, Cer1P, GM3, GM3-X, PS, PG, PI, and phosphatidic acid (PA)].
MS analysis
Lipids were measured using LC-MS/MS as described previously ( 36 ) , except that the collision energy was set to 30 V for Cer, SM, HexCer, LacCer, PE, and PC. The mass transitions were additionally set to 702. 5 Chol was measured using another set of LC-atmospheric pressure chemical ionization-MS/MS conditions. Briefl y, the collision energy was set to 20 V, and the mass transitions were set to 369.3/147.1 for Chol and 376.3/147.1 for Chol(D7) in the positive ion mode. Each molecular species was identifi ed based on the MS/MS spectrum and the LC retention times, and quantities present were calculated from the peak areas of the measured lipids, compared with those of the internal standards. Each level of measured lipids was normalized to the total lipid content or the total PC content.
RESULTS AND DISCUSSION
Preparation of plasma membrane-rich fractions for lipidomics studies using a cationic colloidal silica beads method
The cationic colloidal silica beads method has been widely used for separating plasma membranes since its development in 1983 ( 26 ) . Using this method, the surfaces of intact cells are covered with a dense coat of cationic colloidal silica beads, followed by cross-linking with polyacrylic acid. This coating treatment on ice prevents vesiculation and lateral reorientation of the plasma membrane. After mechanical cell lysis, the SCMs can be separated by centrifugation, due to their high density. However, purities and yields of the membranes can vary in different laboratories because of the different experimental conditions used, including variations in buffer systems (26) (27) (28) (29) (30) (31) (32) (33) (34) . In addition, a relatively large number of cells were needed in previous plasma membrane lipidomics studies using this method ( 30, 31 ) .
In the present study, this method was optimized to enable the reproducible and effi cient preparation of membranes from adherent cells cultured in 10 cm dishes. In addition, we washed the SCM pellets with a washing buffer 
+ /K + -ATPase recovery between the whole-cell (WC) lysates and the SCM fraction from WT-tMEFs revealed an enrichment of plasma membrane protein, while GAPDH (a cytosolic marker) and hexokinase I (a mitochondrial marker) were nearly undetectable in the SCM fractions. The recoveries of lamin A/C (a nuclear marker) and LAMP1 (a lysosomal marker) were reduced; whereas, calnexin (an endoplasmic reticulum marker), Rab7 (an endosomal marker), and actin were not reduced in the SCM fractions ( Fig. 1A ) . In a previous study, calnexin was reported as one of major components in the plasma membrane fraction prepared by the colloidal silica beads method ( 28 ) . The yield of SCM lipids was ‫ف‬ 5% that of WC lipids ( Fig. 1B ) , a reasonable value in view of the proportion of plasma membranes to WC membranes ( 31, 37 ) . These results showed that the SCMs obtained in this study comprised a plasma membrane-rich fraction, while it also may have contained some intracellular components tightly associated with the plasma membrane via cytoskeletal proteins. These fi ndings are important, as they indicate that this preparation method for plasma membranes from cells cultured in a 10 cm dish was reproducible and offered a high yield.
Next, we attempted to prepare detergent-resistant microdomain fractions from the SCM fraction described above. Our primary aim was to analyze changes in membrane lipids. PE and PS were relatively depleted after treatment with 1% Triton X-100, which is a popular detergent used for preparing microdomain fractions, as reported previously ( 2 ) . For this reason, we used a mixture of 1% Triton X-100 and 1% Brij 98 for the detergenttreatment step, so that PE and PS were relatively well retained in the detergent-resistant fraction. The resultant insoluble materials after detergent treatment were analyzed by Western blotting, SDS-PAGE, and LC-MS/MS. Although Na + /K + -ATPase and Rab7 detected by Western blotting were reduced in the drSCM fraction in comparison with the SCM fraction ( Fig. 1A ) , around 80% of the proteins in the SCM fraction remained in the drSCM fraction after the detergent treatment, and proteins detected in the detergent-resistant fraction showed little change ( Fig. 1C ) . These results suggested that nearly all proteins bound to the silica beads remained in the drSCM fraction even after the detergent treatment, while more than half of the lipids were removed during the treatment ( Fig. 1D ) . The lipid composition of drSCMs resembled raft lipids in that sphingolipids, saturated fatty acyl PC(32:0), and Chol were enriched, and that PI and PG were reduced ( 2-4, 38-41 ). The yield of drSCM lipids, which was estimated to be comparable to the proportion of detergent-resistant lipids, was ‫ف‬ 46% of that obtained with SCM lipids. Thus, the present method was benefi cial for analyzing lipid levels in detergent-resistant membrane microdomains.
For comparison purposes with the SCM method described above, we also analyzed lipids in a general detergent-resistant membrane fraction. Briefl y, the postnuclear fraction was solubilized with a 1% Triton X-100 and 1% Brij 98 mixture, and then a drFF was obtained by ultracentrifugation through a discontinuous sucrose gradient (5% to 33% to 42%). Some technical issues were confronted during lipid analysis of the drFF (supplementary Fig. 1 ). The recovery rate of the detergent-resistant membrane lipid was over 10% of the WC lipid, suggesting that the drFF also contained membranes other than plasma membrane microdomains ( 31, 37 ) . The values were relatively variable between independent experiments. In addition, the (PS+PE)/ (PE+pPE+PS+PI+PG) abundance ratios of WC or drSCM samples were nearly equal to 1, although that of the drFF sample was not ( 2 ) . Coexisting detergents, which were unexpectedly concentrated together with lipids during sample pretreatment, may have been responsible for some of the detrimental effects observed, such as diffi culty in solvent evaporation, loss of specifi c lipids, pollution of the ion source, and ion suppression during lipid analysis by LC-MS/MS. Therefore, we concluded that accurate, precise, and reproducible measurement was diffi cult using drFF samples and that the SCM method presented here provided more pertinent information in terms of lipid microdomain analysis.
Comparative lipid analysis between WT and SMS1/2-knockout tMEF membranes
SM, one of major components of membrane microdomains, is synthesized from Cer and PC by SMS1/2 ( 42 ). Thus, SMS1/2 DKO-tMEFs contain low levels of SM. However, DKO-tMEFs proliferate readily under normal culture conditions, although their growth rate and morphological and adherence characteristics differ from those of WTtMEFs ( 35 ) . These observations raised the question of what kinds of differences occur in the membrane microdomains between these two cell types. To examine differences in their component lipids, we comparatively analyzed their levels in WT-and DKO-tMEFs. Signifi cant differences in the levels of various lipids were found in each of three fractions studied, namely the WC, SCM, and drSCM fractions. The levels of HexCer, LacCer, and GM3 were higher in each DKO-tMEF fraction ( Fig. 2A ) . The yield of the detergent-resistant region in the SCM preparation from DKO-tMEFs ( ‫ف‬ 47%) was comparable to that of WT-tMEFs ( Fig. 2B ) . More specifi cally, signifi cant differences in the levels of sphingolipids, PC, PA, DAG, and PI, were found ( Fig. 2C ) . To survey the compositions for all lipids with an acyl structure, the measured level of each species was compared between WT-and DKO-tMEFs ( Fig.  2D ) . SM was defi cient in DKO-tMEFs, while the HexCer and GM3 levels drastically increased without changing their acyl-structure distribution. PC(32:0) and PC(34:1) levels were signifi cantly increased, especially in drSCMs. These observations suggested that the indicated glycosphingolipids, as well as PC(32:0) and PC(34:1), helped to form microdomains as a substitute for SM in SM-defi cient cells. Although Cer, PA, DAG, and PI were present as minor lipids, the levels of these signaling lipids were markedly 
Changes in microdomain lipid compositions caused by C2-Cer stimulation
As a next step, we examined changes in microdomain lipids caused by exogenous stimuli, such as C2-Cer and growth factors, using the present method. Differences in responses to these stimuli between WT-tMEFs and higher in drSCMs from DKO-tMEFs, as compared with their corresponding levels in WT-tMEFs ( Fig. 2C ) . The other molecular species levels measured in this experiment are shown in supplementary Fig. 2 . Thus, the present method enabled robust evaluation of constituent lipid levels in membrane microdomains. altered by stimulation ( Fig. 3D ; supplementary Table 1 ). The changes observed in the PC, PI, PA, and DAG levels suggest that the polyphosphoinositide (PPI) cycle may be activated in membrane microdomains by C2-Cer stimulation ( 45 ) .
Changes in microdomain lipids caused by serum stimulation
To assess the responses of microdomain lipids to agonist-receptor signaling, we fi rst studied changes in microdomain lipids within 2 min following TNF-␣ stimulation, although no changes were observed in the microdomain lipids (data not shown). In our previous study using A431 cells, the results showed that PPI and PA levels in WCs increased as early as 2 min after epidermal growth-factor treatment ( 45 ) . To detect rapid changes in microdomain lipids caused by growth factor stimulation, we analyzed changes in constituent lipids of the drSCM fraction prepared from WT-and DKO-tMEFs stimulated with serum. The PA(34:1) level was transiently increased by 2-fold in drSCMs from WT-tMEFs at 2 min post-serum stimulation ( Fig. 4A ). The DAG(16:0/18:1) level within the microdomain was also transiently increased at 2-10 min post-stimulation, while the DAG(18:0/20:4) was gradually increased until 30 min post-stimulation ( Fig. 4A ) . Eighty percent of the PA(34:1) production was inhibited by the phospholipase D-specifi c inhibitor, FIPI, at 2 min post-stimulation DKO-tMEFs were also examined. Addition of 100 M C2-Cer to culture medium supplemented with 10% FBS caused cell death for both tMEF types after 24 h, while the addition of 50 M C2-Cer had little effect on cell growth. A drSCM fraction was prepared at 60 min post-incubation with 100 M C2-Cer, and the constituent lipids were analyzed. In a control experiment, 100 M C2-dhCer, which is a low toxic C2-Cer homolog, was used instead of 100 M C2-Cer ( 43, 44 ) . The levels of some of endogenous Cer molecular species were elevated after the C2-Cer stimulation ( Fig. 3A ) . Regarding lipids other than Cer, several molecular species levels whose changes were >1.5-fold are shown in Fig. 3B . Typically, elevations of DAG, PA, and PI were observed, along with an elevation in the Cer level, in drSCMs prepared from both WT-tMEFs and DKO-tMEFs. Some differences in microdomain lipid components between WT-and DKO-tMEFs were observed, as follows. Although the Cer(d18:1/22:0) level was little changed in the drSCM fraction of WT-tMEFs following stimulation, it was increased by 1.8-fold in the drSCM fraction derived from DKO-tMEFs. The PA(36:2) level was increased by 3.2-fold in drSCMs from WT-tMEFs, while it was little changed in drSCMs from DKO-tMEFs. However, decreased PC(34:1) levels occurred in drSCMs derived from both tMEF types ( Fig. 3C ) . The major lipid species (other than these molecular species) were little changed; thus, the proportion of detergent-resistant lipids in these tMEFs was not Supplemental Material can be found at: Fig. 4 . Changes in lipid levels in the drSCM fraction of tMEFs caused by stimulation with serum. A: Time courses of lipid-level production during serum stimulation were monitored in drSCMs prepared from WT-tMEFs. Cells were subjected to serum starvation for 3 h in medium containing 1 mg/ml BSA, after which the culture medium was replaced with medium supplemented with 10% FBS. Lipid levels in the drSCM fraction, prepared at 0-30 min post-serum stimulation, were determined by LC-MS/MS. B: The phospholipase D-specifi c inhibitor, FIPI (750 nM), was added 30 min prior to serum stimulation. The other experimental conditions were the same as described in (A). C: Time courses of lipid-level production during serum stimulation were also monitored with drSCMs prepared from DKO-tMEFs. The data shown represents mean values from two independent experiments. Each lipid level was normalized to total PC quantities. ( 46 ) , although DAG(18:0/20:4) production was not affected by FIPI treatment at 30 min post-stimulation ( Fig. 4B ) . These results suggested that phospholipase D is transiently activated as early as 2 min after serum treatment, while DAG(18:0/20:4) was gradually generated via a different pathway, such as the PPI cycle ( 45 ) . The lipid levels of the other classes were little changed in the drSCM fraction, except that the PS level exhibited a tendency to decrease at 10 min post-stimulation ( Fig. 4A ) . DKO-tMEFs showed virtually the same changes as WT-tMEFs ( Fig. 4C ) . These results show that changes in PA and DAG levels within plasma membranes following growth factor-receptor activation occur in the same manner, even in SM-defi cient membranes.
As discussed above, we were able to evaluate changes in lipid compositions of membrane microdomains using the method developed in this study. Therefore, this method for analyzing membrane lipids should facilitate future comprehensive analyses of membrane microdomainassociated responses, from the perspective of lipid molecular species.
CONCLUDING REMARKS
In this study, we did not measure PPI levels because the mass spectrometer used had a low sensitivity in the negative-detection mode for PPIs. In addition, we could not perform a detailed ganglioside analysis because of a limited mass range. An alternative LC-MS system, such as the LTQ-Orbitrap, would be needed for conducting PPI and ganglioside analyses ( 45 ) . Although the drSCM fraction concentrated the lipid molecular species that are characteristic of membrane microdomains, it still retained nonraft proteins bound to the silica beads. Therefore, we could not examine proteins that shuttled in or out of membrane microdomains by this method. Beyond these limitations, this report provides a practical and benefi cial strategy for directly measuring membrane lipids.
